Cardiac toxicity is a frequent manifestation in amitriptyline overdose and is felt to be due, in part, to sodium channel blockade by the drug. Another agent with sodium channel blocking properties, diphenylhydantoin, has been used clinically to reverse cardiac conduction abnormalities induced by amitriptyline. This reversal of toxicity is believed to occur secondary to competition for the sodium channel binding site. We evaluated individually and in combination the effects of amitriptyline (0.4 ,uM) and diphenylhydantoin (10-80 ,uM) (Circulation Research 1991;69:677-696) From the
Amitriptyline, a frequently prescribed tricyclic antidepressant, is often associated with drug overdose.'2 Cardiac toxicity in the form of impaired conduction,34 decreased contractility, and life-threatening arrhythmias5-7 is seen. The mechanism(s) by which amitriptyline produces its toxic effects is unknown, but some of these actions may be due to its sodium channel blocking properties.1"8 9 Hagerman and Hanashirol and Boehnert and Lovejoy9 demonstrated improvement in cardiac conduction as measured by narrowing or normalization of PR interval and QRS duration abnormalities when patients who had taken an overdose of amitriptyline were treated with diphenylhydantoin. Some authors'011 even recommend administration of diphenylhydantoin prophylactically in tricyclic antidepressant overdose. Callaham'2 and Davis,13 on the other hand, could demonstrate no beneficial effect of diphenylhydantoin after amitriptyline overdose. Experimental data in whole animals have been equally confusing when amitriptyline toxicity is treated with diphenylhydantoin or other type IB agents. '4-16 Recent theoretical and experimental studies17-22 suggest that under certain circumstances the combination of two sodium channel blocking agents with markedly different binding kinetics may produce smaller levels of sodium channel block than that produced by the agent with the slow kinetics alone. A drug with rapid association and dissociation kinetics could theoretically compete for sodium channel binding sites and displace a drug with slower binding kinetics. This could lead to a reversal of cardiotoxic manifestations that result from sodium channel blockade. We recently have demonstrated such a phenomenon between the opiate analgesic propoxyphene and lidocaine. 22 Prior voltage-clamp experiments have shown that diphenylhydantoin has rapid binding and unbinding kinetics to the cardiac sodium channel23-25 and as such would in principle displace amitriptyline from its binding site. We set out to determine whether such a competitive blockade of the cardiac sodium channel could be demonstrated in vitro. First, we analyzed the kinetics of development of and recovery from block of the sodium current recorded from isolated rabbit atrial myocytes under voltage-clamp conditions during exposure to amitriptyline. Then, we confirmed that diphenylhydantoin had rapid blocking and unblocking kinetics under our study conditions. Although we could demonstrate modulation of amitriptyline by diphenylhydantoin, we could not demonstrate a true reversal of amitriptylineinduced blockade of the cardiac sodium channel by diphenylhydantoin. This suggested that the two drugs may be acting at different sites.
We evaluated the effects of internal and external pH changes on the kinetics of recovery from block by amitriptyline (pK 9.4) and diphenylhydantoin (pK 8.3). The kinetics of recovery from block by amitriptyline were slowed by a reduction of external pH only. In contrast, the kinetics of recovery from diphenylhydantoin-induced block were accelerated by a decrease in internal pH. These data suggest that diphenylhydantoin blocks the cardiac sodium channel from a site (intracellular?) insensitive to external protons. We were able to show that lidocaine, a drug with fast binding and unbinding kinetics to a site sensitive to external protons, may produce partial reversal of amitriptylineinduced sodium channel blockade.
Materials and Methods Cell Preparation
We performed the whole-cell voltage-clamp experiments on myocytes isolated from the atria of adult rabbits. The methods of cell isolation and culture have been described in detail in previous publications from our laboratory.26 Briefly, the heart was isolated and perfused for 5 minutes with Ca2-free KrebsHenseleit (K-H) solution (see below for solution composition). Sterile technique was used, and all solutions were maintained at 37°C. After 5 minutes, the K-H Ca2-free perfusate was changed to K-H solution containing 180 units/ml collagenase (Worthington Biochemical Corp., Freehold, N.J.) and 0.1 mg/ml hyaluronidase (Sigma Chemical Co., St. Louis, Mo.), and the hearts were perfused for 25-45 minutes. Enzyme activity was terminated with K-H solution and 10% fetal bovine serum. Ventricular tissue was separated from the atria. The atria were minced into small segments, transferred to K-H medium containing elastase (0.5 mg/ml, Sigma), and gently agitated. On completion of the dissociation procedure, single myocytes were separated from tissue chunks by filtration through a 200-am nylon mesh. The isolated myocytes were washed twice with K-H solution and resuspended in a medium consisting of F-12 Ham/Dulbecco's modified Eagle's Medium/antibiotics. Cells were then plated onto 18x18-mm laminin-coated coverslips and stored in a CO2 incubator (Queue Systems, Inc., Parkersburg, W.Va.) at 37°C. Under these conditions, rodlike atrial cells assume a spherical shape after 24-48 hours in culture. Atrial cells were used after they had assumed a spherical configuration, because theoretical analysis has indicated that the spherical shape is most favorable for obtaining a homogeneous potential under voltage-clamp conditions.26'27 Ventricular cells were used 2-4 hours after isolation.
Solutions
The K-H solution used in the cell isolation procedure had the following composition (mM): NaCl Figure 1 . Voltage error, peak current, and series resistance were determined using readings from the patch-clamp amplifier and from the equation /V=Ip1 -a)R where AV is voltage error, Ip is peak current, a is percent compensation, and R is series resistance. If AV was >3 mV, the experiment was abandoned.
Before obtaining other information, the currentvoltage relation was determined using 50-msec pulses of increasing amplitude applied at 1,500-msec intervals. The pulse was incremented in 5-mV steps from a potential of -120 to +70 mV. We proceeded with the experimental protocol if the currents of the negative limb of the current-voltage curve showed a gradual increase with progressively larger depolarizations (onset to peak sodium currents spanning [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] mV, see Figure 1) .
A steady-state inactivation curve was determined using a 1-second prepulse to potentials from -170 to -50 mV, followed immediately by a 10-msec test pulse to -30 mV. The prepulse potential was incremented by 5 Figure 1C with the data plotted in Figure 1D .
In (n used between trains, whereas in the presence of amitriptyline, the rest interval was 50 seconds.
The rate of development of block also was determined with a two-pulse protocol. 26 We evaluated channel availability using conditioning prepulses of increasing duration (holding potential, -130 mV; prepulse potential, -30 mV; prepulse duration, 2-10,000 msec), followed with a return to the holding potential for 500 msec and a subsequent test pulse of 20 msec to -30 mV.
The rate of recovery from block in the absence or presence of drug also was determined with a twopulse protocol. Using conditioning prepulses of 2 seconds (maximal drug uptake without evidence of slow inactivation of the sodium channel as shown by the uptake protocol) to -30 mV, a variable period of recovery to the holding potential was used. The recovery interval ranged from 100 to 40,000 msec and was followed by a 20-msec test pulse to -30 mV to evaluate sodium current availability.
Single-Channel Recording Techniques
The results of the whole-cell voltage-clamp experiments suggested that diphenylhydantoin may produce block from an internal membrane site. We did a series of single-channel experiments to determine the nature of diphenylhydantoin block and whether it was producing block from a drug pool immediately accessible to the internal or external membrane surface. We performed these experiments in cell-attached patches of ventricular myocytes, because this configuration afforded the most stable single-channel kinetics. [29] [30] [31] [32] Experiments were performed in the absence of diphenylhydantoin, with drug-free microelectrodes attached to cells exposed to drug in the superfusate, or with drug-containing microelectrodes attached to cells that had not been exposed to drug.
Single-Channel Experimental Protocols
Our protocol consisted of the application of a 1-second conditioning pulse to -20 mV, a recovery interval of 500 msec, and a 40-msec test pulse to -20 mV. The 500-msec recovery period permitted the recovery of drug-free channels from inactivation (see "Results"). A rest period of 5 seconds separated each test pulse and the subsequent conditioning pulse. This allowed recovery of the channels from block by the drug. Whole-cell voltage-clamp experiments with diphenylhydantoin suggested rapid recovery from block at a holding potential of -120 mV. We performed preliminary experiments with the holding potential set at -120 and -90 mV. Block of single channels could be demonstrated with the holding potential equal to -90 mV but was not well detected at -120 mV. The remaining single-channel experiments were performed at -90 mV.
We obtained an ensemble of 50 conditioning and test pulses and accepted the data only if two such ensembles were obtained under a given condition. Further, in all experiments we waited a minimum of diphenylhydantoin-containing microelectrodes) after gigohm seal formation before data were acquired. This circumvented the period of rapid spontaneous changes in single-channel kinetics during which latency to first opening decreased and mean open time increased. An experiment required a stable seal for at least 15 minutes.
Data Analysis
As noted above, filtered currents from whole cells were digitized and subsequently transferred to a SUN 4/280 microcomputer (SUN Microsystems, Inc., Mountainview, Calif.), where the peak values of individual current tracings were determined by using custom software developed in our laboratory and written in c programming language. These peaks were plotted, and exponentials were fitted to the data describing the recovery from block and the development of block and inactivation using the Marquardt routine or Gauss-Newton method.33 From the residual error an F statistic was calculated and considered a good fit at a significance level <0.05.
Single-channel currents were filtered at a corner frequency of 2.5 kHz and digitized at 25 kHz. To reduce the size of the files, we digitized only the first 40 msec of the conditioning pulse. At -20 mV, the averaged currents relaxed to zero in .20 msec. 34 On the rare occasions in which bursts were observed in either the conditioning or the test pulse, we excluded that pulse and its associated conditioning or test pulse from the analysis.
The single-channel currents also were analyzed on a SUN 4/280 microcomputer using methods outlined by Grant et al. 34 Briefly, residual capacitive and leakage currents were reduced by subtracting the average of null sweeps from each sweep. We used an automatic event detection algorithm with the threshold at 0.5. The performance of the algorithm was checked routinely by direct comparison of the original and idealized records.
We compared single-channel closing kinetics by using mean open times. Particularly in the test pulses in the experiments using diphenylhydantoin, the number of events was sometimes too small to construct a histogram. The apparent probability of failure of a channel to open was obtained by taking the Nth root of the number of null sweeps, where N is the apparent number of functioning channels in the patch. N was estimated from the maximum number of overlapping events at a strongly depolarized potential (-30 mV). Because the holding potential was usually set at -90 mV, the estimate of N was conservative. The conservative estimate does not change the major conclusions of the paper.
In reporting results, all data are expressed as mean+ SD. The statistical significance of the differences was determined using the appropriate Stu 
Characteristics of the Cultured Rabbit Atrial Myocytes
For reasons reported earlier,26'27 experiments in this study were performed on spherical cells only. For all of the experiments (total n = 141 cells), the cell capacitance averaged 26±1 pF, which was in excellent agreement with our previous report. 26 We were able to compensate .70% of the series resistance in all experiments. At all test potentials used in this study, the capacitive current was clearly separated from the sodium current. The threshold potential of our cell population was -66 +5 mV with peak sodium current of the current-voltage relation occurring at -35±4 mV. All steady-state inactivation curves were fitted with a Boltzmann function and demonstrated a half maximal inactivation value of -90+5 mV. Because of the absence of sodium ions in the pipette solution, no current reversal was seen. There was no crossover of the current tracing during steady-state inactivation determination or threshold phenomena on the negative limb of the current-voltage curve (see Figure 1 ). These characteristics suggest that adequate voltage-clamp conditions existed during our experiments despite the comparatively high concentration of sodium in the external solution. 26 Description of Kinetics of Sodium Current Block by Amitriptyline
As illustrated in Figure 2 , amitriptyline blocked the sodium current in a use-dependent manner. In the absence of drug (panel A), sodium current declined by 11% during trains of 40 pulses with a stimulation frequency of 5 Hz. During exposure to 0.4 ,M amitriptyline (panel B), sodium current declined progressively until reaching a steady-state block of 74%. The steady-state block was achieved after 21 pulses in the 40-pulse train (panel C). Using multiple frequencies of stimulation from 0.1 to 5 Hz, we observed a progressive increase in the amount of steady-state block achieved. Summary of the level of steady-state block as a function of stimulus frequency seen in 15 cells is shown in panel D. Amitriptyline block during pulse train stimulation was not dependent on the holding potential (panel E).
The progressive decline in sodium current during pulse train stimulation resulted from enhanced binding of amitriptyline to a sodium channel receptor during the depolarizing pulses. This enhanced binding may be due to differential affinity of amitriptyline with various states of the channel (i.e., open, inactivated, and resting) and/or differential access to "guarded" binding sites of fixed affinity.37,38 Between depolarizing pulses, some block dissipates because of drug dissociation from the channel binding site. The rate of drug dissociation (recovery from block) under given experimental conditions is a constant. Therefore, if the stimulus frequency is greater than five times the recovery time constant, block accumulates until steady-state is reached; that is, the amount of block gained per pulse is equal to the relief of block. As shown in Figure 2D , accumulation of block, even at slow stimulus frequencies, is significant with amitriptyline and suggests slow dissociation of drug from the sodium channel at 17°C.
We examined the kinetics of recovery from steadystate block using trains of pulses (40 pulses; duration, 50 msec; test, to -30 mV) in the absence ( Figure 3A ) and presence ( Figure 3B ) of 0.4 ,uM amitriptyline. After each pulse train, a variable recovery period (100-50,000 msec) was used before application of a recovery test pulse. Currents from the test pulse were compared with the peak (first pulse) sodium current at 10-15 recovery intervals after the pulse train, and these data were fitted to a single exponential equation to determine the time constant of recovery (7Tr) ( Figure 3C ). In the absence of drug (control), only a small amount (< 10%) of steady-state block developed, and the current recovered rapidly with a mean ,r of 30+8 msec in our cell population (Table 1) . This value agreed with previously published -r in myocytes under similar voltage-clamp conditions.22,23,39 During exposure to amitriptyline, significant steady-state block developed (63 + 10%), and rr was increased to 13,600±3,200 msec, demonstrating slowed kinetics of recovery from steady-state block.
Hille40 has suggested that for tertiary amines, the neutral species may access its binding site when the channel is open or closed, whereas the charged species may access the binding site only when the channel is open. The charged and uncharged species are thought to have different dissociation rates from the channel. To evaluate the role played by the charged versus neutral species of amitriptyline, the rate of recovery from block in the absence ( Figure  3D ) and presence ( Figure 3E ) of amitriptyline was evaluated in the same cell using a two-pulse protocol. Because charged species access open sodium channels, pulse train data reveal kinetics predominantly of the charged species, whereas holding the cell at -30 mV (prepulse) inactivates sodium channels and allows access to channel binding sites predominantly by the neutral form of the drug.
By using a fixed conditioning prepulse (duration, 2,000 msec) followed, after a variable period (100-50,000 msec), by a test pulse of 20 msec to -30 mV, sodium current recovery was measured. In the absence of drug, no significant decrease in peak sodium current was seen between consecutive conditioning pulses (no slow inactivation).41 Perfusion with external solution containing amitriptyline showed development of significant block. The data are shown graphically in Figure 3F and demonstrate a -r similar to that seen with pulse train stimulation. Table 1 compares results from the pulse train and two-pulse protocols. In six experiments, the r. value using the Diphenylhydantoin (10-160 ,uM) also acted as a sodium channel blocking agent, demonstrating useand frequency-dependent block but to a lesser extent than amitriptyline. In the absence of drug ( Figure  5A ), little steady-state block developed, and with the addition of 20 ,uM diphenylhydantoin ( Figure 5B ), block increased only slightly. Steady-state block was reached in 13 pulses ( Figure 5C ). By using several frequencies of stimulation, trains of forty pulses (50 msec; test, to -30 mV) were applied to obtain steady-state block ( Figure 5D ). The level of steadystate block for 20 ,uM diphenylhydantoin increased as the stimulus frequency increased, although much less total block (even at 160 ,uM diphenylhydantoin) of the sodium current was seen than in the presence of amitriptyline. Diphenylhydantoin, in contrast to amitriptyline, showed a steep dependence of steadystate block on the holding potential ( Figure 5E ).
We examined the kinetics of recovery from steadystate block during pulse train and two-pulse protocols in the absence ( Figure 6A ) and presence ( Figure   6B ) of 20 gM diphenylhydantoin. In the absence of drug, very little block developed (<10%), and the rr measured at steady-state during pulse trains was 40 msec. With the addition of diphenylhydantoin, the rr increased to 810 msec in this cell. Determination of -rr is shown in Figure 6C . As shown in Table 1 , the rr for a population of 10 cells in the absence of drug was (Table 1) , the rr in the absence of drug was 50+10 msec, whereas in the same cells subsequently exposed to diphenylhydantoin, the ir was 1,100+±500 msec. As seen with amitriptyline, a single pulse of 2,000 msec resulted in a greater decrease in the sodium current than was seen in the pulse train protocols (31±1-6% versus 14+8%, p<0.01). By using the two-pulse protocol as above, the uptake time constant of diphenylhydantoin was measured. Figures 6D and 6E show results in a single cell. With progressively longer prepulses, there was a decline in sodium current in the presence of diphenylhydantoin ( Figure 6E ), whereas in the absence of drug ( Figure 6D ), no decrease in sodium current was seen until the prepulse duration increased to >2 Holding Potential seconds. The results of this study are plotted in Figure 6F . The uptake time constant in six cells for diphenylhydantoin was propoxyphene and other sodium channel blocking agents, but it was possible that in some way it differed in its effect at the level of the blocking site. To evaluate this, we performed experiments examining whether amitriptyline could be displaced from the receptor site by other agents (i.e., lidocaine). The results of one of these experiments are shown in Figure 7C . In the presence of amitriptyline, decreasing amounts of block of the sodium current were seen as the stimulus frequency decreased. With the addition of lidocaine to the preparation, larger amounts of total block were seen at faster stimulus frequencies, but as the stimulation rate approached 1 Hz, the two curves merged and actually crossed in a manner similar to that described by Whitcomb et a122 for propoxyphene and lidocaine. Although these differences in the percent of block were small, the crossover of the amitriptyline and the amitriptylinelidocaine curves occurred consistently in all eight cells studied. This crossover reflected less block in the presence of two sodium channel blocking agents than was seen in the presence of the single agent (amitriptyline) alone.
From this information, it appeared that amitriptyline was acting in a manner similar to propoxyphene and could be competitively displaced from its receptor site by lidocaine. We considered that lidocaine could be competing more effectively than diphenylhydantoin for the sites occupied by amitriptyline within the sodium channel. The concept of competition requires consideration of two processes-binding and unbinding of drugs at the level of the channel receptor site. Examining the 'rr (unbinding) of the drugs lidocaine and diphenylhydantoin would not explain the results found when these drugs were combined with amitriptyline. The rr of diphenylhydantoin as found in this and other studies24,25 is -500-800 msec, whereas the reported ir for lidocaine under similar experimental conditions is 1-2 seconds.2244 If lidocaine were to compete more effectively than diphenylhydantoin for the sites within the channel, one would predict that the unbinding of lidocaine would be faster, not slower, than the unbinding of diphenylhydantoin. Additionally, the "ratio" of the rr of the slow agents to the r, of the fast agents would appear to favor diphenylhydantoin as the more effective competitive agent when compared with lidocaine.
Effects of Changes in Internal and External pH on Kinetics of the Sodium Current
Failure of diphenylhydantoin to reverse amitriptyline block was consistent with the presence of two separate binding sites capable of modulating sodium channel kinetics. There are reports in the literature that describe modulation of sodium channel function that appears to be the result of more than a single binding site within the sodium channel.17 '8,2045 As a test of this possibility, we measured the r, and uptake rates as internal and external pH were varied (Table 2) . Under control conditions, the nominal internal pH was 7.3 and external pH was 7.4. The rr values in the absence of drug, presence of amitriptyline, and presence of diphenylhydantoin were 30, 13,600, and 710 msec, respectively. In separate experiments, the r, was evaluated in the absence and presence of drug under conditions of high external pH (8.0 Similar experiments were performed keeping the pH of the external perfusate constant at 7.4 but now altering the pH of the pipette solution from 7.3 to 8.0.
In the absence of drug (n=6), the -rr was not altered (mr, 33±11 msec) from that seen when the pH of the solution in the pipette was 7.3. In cells perfused under these same pH conditions with amitriptyline (n=6), the -Tr was not significantly changed from the r, at internal pH 7.3 (13,300±1,700 versus 13,600+3,200 msec, p=NS). On the other hand, in experiments in which the internal pH was increased and cells were superfused with diphenylhydantoin (n = 17), the rr was increased to 2,600+1,300 msec (p<0.0001 compared with the 'Jr of diphenylhydantoin at internal pH 7.3). Because diphenylhydantoin is an anion, a larger fraction of receptor bound drug should be charged at the higher pH. Assuming that charged drug dissociates more slowly from the receptor, the results should be internally consistent with the opposite effect of external pH on amitriptyline recovery. The uptake time constants measured with two-pulse protocols in the presence of diphenylhydantoin with the internal solution at pH 8.0 decreased from 1,152+380 to 650±90 msec (p<0.0001); the uptake time constant for amitriptyline was unchanged from control conditions (1,351±61 versus 1,290±71 msec,p=NS). These data suggest that sodium channel blockade by diphenylhydantoin was modulated by changes in the internal pH only, whereas that by amitriptyline was modulated from a site sensitive to changes in the external pH.
Results of Single-Channel Studies
We hoped to demonstrate block of single sodium channels during diphenylhydantoin exposure by comparing the current during the conditioning and the test pulses. The recovery interval between the condition and the test had to be sufficiently long to permit recovery from inactivation but not to allow substantial recovery of diphenylhydantoin-induced block. Figure 8 shows single sodium channel current in the absence of drug with a recovery interval of 500 msec The pulse paradigm is shown at the top ofthe figure, Table 3 . The 500-msec recovery period was sufficient to permit recovery from inactivation. Figure 9 illustrates current in conditioning and test pulses in an experiment in which the cells had been exposed to 80 gM diphenylhydantoin and the microelectrode was drug free. The averaged current in the test pulse was less than that during the conditioning pulse. The decrease in current in the test pulse resulted primarily from an increase in the fraction of null sweeps. In the sequences 2, 3, 4, 5, and 10, openings in the conditioning pulse were followed by nulls in the test pulse. In this experiment, the mean open time was 0.73 msec during the conditioning pulse and 0.64 msec during the test pulse. The results of five experiments are summarized in Table 3 . The integral of the current decreased by 46% during the test pulse and the apparent probability of a channel to fail to open increased significantly from 0.52±+0.19 during the conditioning pulse to 0.70±+0.11 during the test pulse. The mean open time was not significantly decreased between the conditioning and the test pulses.
Similar experiments in the absence of drug (n=4) performed at a holding potential of -120 mV demonstrated that mean open time of the sodium channel was not different between conditioning (0.65+0.11 msec) and test (0.67±0.10 msec) pulses. These values also were not different from those at -90 mV. The probability that a channel would fail to open in both conditioning and test pulses was identical (0.21±0.10). When diphenylhydantoin was added to the superfusate (n=4), no difference in mean channel open time was seen between conditioning (0.70± 0.18 msec) and test (0.68±0.13 msec) pulses. Additionally, the probability of the channel to fail to open was not different between conditioning (0.19±0.08) and test (0.21±0.11) pulses. These experiments show that diphenylhydantoin can produce block of single sodium channels when a membrane patch is exposed to drug-free solution and that this block is voltage dependent. It is assumed that during the prior incubation in diphenylhydantoin-containing solution the drug was able to diffuse across the cell membrane and produce block from an intracellular or intramembrane site.
We performed six experiments in which the microelectrode contained 80 ,uM diphenylhydantoin and the cells were not exposed to drug in the solution. Although there was a trend for the drug to decrease the current during the test pulse and to increase the probability of the channel to fail to open, the changes were not statistically significant. 
Discussion Major Findings
Based on previous studies demonstrating the competitive relief of block, our studies have examined the individual and combined blocking actions of amitriptyline and diphenylhydantoin on the sodium current in cultured rabbit atrial myocytes. Our major findings are as follows: 1) Both amitriptyline and diphenylhydantoin demonstrate use-and frequency-dependent blockade of the sodium channel. 2) Amitriptyline demonstrates a longer r, (intracellular pH 7.3, extracellular pH 7.4) than diphenylhydantoin under similar conditions. 3) Uptake time constants of the two drugs are similar. 4) Increased external pH significantly decreased the rr of amitriptyline (pK 9.4) without affecting the rr of diphenylhydantoin (pK 8.3), whereas increased internal pH increased the r, for diphenylhydantoin without affecting the r, of amitriptyline. 5) Lidocaine attenuated the amitriptyline-induced block at low rates of stimulation. Unlike previous studies2243 using similar agents, the combined application of amitriptyline and diphenylhydantoin did not appear to reverse the blockade. This difference in our results might have been caused by the location of the binding site of the diphenylhydantoin anion and the cationic form of tricyclic antidepressants or local anesthetics.
Effects ofAmitriptyline on the Sodium Current
Little in vitro data exist concerning the effects of amitriptyline as a sodium channel blocking agent. More data exist on the tricyclic antidepressant imipramine, which has similar structure to amitriptyline. Voltage-clamp studies in Myxicola giant axon47 found imipramine to reversibly suppress sodium conductance at low concentrations while not affecting the resting membrane potential. Imipramine did shift the conductance-voltage curve in the hyperpolarizing direction in a concentration-dependent fashion but did not change the time to peak current or the time to half-maximal steady state.
In cardiac tissue, most of the effects of tricyclic antidepressants have been described using information obtained from Vmax data in Purkinje fibers. Rawling Ogata and Narahashi39 demonstrated that at very negative holding potentials (-140 mV) imipramine caused little resting block but that shifting the holding potential to less negative values increased the amount of resting block seen. During repetitive stimulations, significant use-dependent block was seen. There also was voltage dependence, but no shift in the current-voltage relation was seen when compared with the drug-free state. Steady-state inactivation was negatively shifted -18 mV. The recovery from druginduced block was relatively slow (1.8+0.3 seconds).
The results of our study with amitriptyline support the concept of potent sodium channel blockade by this group of drugs in cardiac tissue39,48-51 with some important differences. Although both amitriptyline and imipramine have use-and frequency-dependent blocking properties on the sodium current, amitriptyline appears to be more potent. At concentrations of 0.4 ,M, amitriptyline caused marked reduction of sodium current (78% block at 5 Hz; 60-70% block at 2 Hz, see Figure 2 ), whereas under similar voltageclamp conditions, 3-Hz stimulation in the presence of 3 ,M imipramine resulted in -50% block ( Figure 6 from Reference 39). Neither drug appeared to significantly block resting sodium channels at hyperpolarized potentials (holding potential, -130 to -140 mV).
Imipramine and amitriptyline seemed to demonstrate relatively different properties of dissociation from the binding site under voltage-clamp conditions.
Compared with lidocaine with a r, of 1-2 seconds or diphenylhydantoin with a r, of 0.7 second, the r, of imipramine (1.8 seconds) was similar, whereas the r, of amitriptyline was very slow (13.6 seconds). 22 Drugs with slow dissociation kinetics from cardiac tissue may demonstrate greater degrees of cardiotoxicity than drugs with more rapid r,. Slowed Because of clinical information using diphenylhydantoin to treat amitriptyline overdose1l9 and experimental demonstration of competitive relief of block with other drugs,22'43'44 we felt that investigation of reversal of amitriptyline effects by diphenylhydantoin was reasonable.
Effects of Combinations of Sodium Channel Blocking Agents on Sodium Channel Kinetics
Hille40 and Schwarz et a154 proposed a model of local anesthetic action based on a common receptor site located within the sodium channel. This receptor site could bind both charged and neutral drugs. This common receptor site has gained widespread support in the literature through the years.
Rimmel et al'8 examined the concept of the common receptor site by looking at the interaction of two drugs -procaine and benzocaine -at the level of the sodium channel in the frog node of Ranvier. Using kinetic analysis, these authors concluded that procaine (pK 8.9, cationic form at pH 7.0) appeared to have limited access to the receptor site because of the charged nature of the molecule over a wide range of pHs, whereas benzocaine (pK 2.6, uncharged over a wide range of pH) essentially had unlimited access to the receptor site at all pHs tested. When the kinetics of the channel were analyzed in a mixture of procaine and benzocaine with equieffective concentrations of the two drugs, the membrane responded as it did in benzocaine alone. The authors postulated that benzocaine and procaine acted at a common receptor site and that the rate of sodium channel block appeared to be limited by access to the receptor site. Benzocaine, the neutral drug, had easy entry into the channel and, hence, access to the binding site, whereas entry into the channel by procaine, the charged drug, was limited. In three experiments, the authors saw an increase in Vmax during exposure to benzocaine and procaine compared with procaine alone. The "overall" binding kinetics of the mixture were similar to those seen in the presence of benzocaine alone. Mathematical modeling (Figure 9 with rapid association (binding) and dissociation (unbinding) kinetics may, in some circumstances, displace a drug with slower binding/unbinding kinetics such that effects produced by the slower drug may be altered or "reversed" with the addition of an agent with faster kinetics. We further showed that the degree of steady-state sodium channel blockade by a drug with a slow unbinding rate could be reduced by adding a drug with faster recovery kinetics. In these studies, the "slow" drug, propoxyphene, exhibited a rr of -23 seconds, whereas the "fast" competitor, lidocaine, exhibited a rr of 1-2 seconds. In our present studies, we did not observe a reduction in the steady-state blockade when amitriptyline (Tr, 13.6 To explore this question, we looked at the dynamics of drug mixture. In the presence of both amitriptyline and diphenylhydantoin, there was no evidence of competitive displacement of amitriptyline at any stimulus frequency examined (no crossover as seen with propoxyphene and lidocaine22 or when lidocaine competed with amitriptyline in the present study).
Though the ir of amitriptyline and diphenylhydantoin varied by a factor > 10, we were unable to reproduce results similar to those obtained with propoxyphene and lidocaine22 or amitriptyline and lidocaine. We observed that the binding rate for amitriptyline was slightly larger than that of diphenylhydantoin. Increasing the concentration of diphenylhydantoin by 30 to reverse this relation also was ineffective in producing a crossover. However, competition with 80 ,uM lidocaine did produce this phenomenon. These data suggested to us that, whereas amitriptyline and lidocaine were binding to a common site, diphenylhydantoin was binding to a separate site. This stimulated us to explore alternative experimental approaches to distinguish whether a common binding site was involved or whether two binding sites needed to be postulated.
We performed experiments varying internal (7.3) and external (7.4) pH while other factors were held constant to assist in evaluating whether different binding sites might be involved. We found pronounced differences in the effect of changing extracellular or intracellular pH on the recovery kinetics of amitriptyline and diphenylhydantoin. In the presence of increased extracellular pH, amitriptyline (pK 9.4) demonstrated a marked decrease in Tr. The rr for diphenylhydantoin (pK 8.3) was not affected by changes in extracellular pH. This suggested that amitriptyline, but not diphenylhydantoin, bound to a site that was accessible to changes in external pH. Conversely, when the nominal intracellular pH was changed to 8.0 in the presence of amitriptyline or diphenylhydantoin, no alteration in binding or unbinding kinetics of amitriptyline was seen, whereas the binding and unbinding kinetics of diphenylhydantoin were significantly modified. This was interpreted to reflect that diphenylhydantoin, but not amitriptyline, bound to a site that is susceptible to modulation by changes in internal pH of the cell. Morello et a156 also examined the blocking action of diphenylhydantoin on the sodium current in squid giant axon as extracellular and intracellular pH values were varied, but they considered first pulse effects only. Both extracellular and intracellular pH affected block, depending on the site of drug application. They did not examine the kinetics of the development and recovery from phasic block. Because of differences in the stimulation protocol, their results cannot be compared with ours.
Effects of Diphenylhydantoin on Single

Sodium Channels
We attempted to further define the blocking mechanism and site of action of diphenylhydantoin by performing single sodium channel measurements with drug-free microelectrodes on cells previously exposed to drug or with drug-containing microelectrodes in cells not previously exposed to drug. Although the experimental paradigm was not ideal, it was practical under our recording conditions. A similar approach was used by Carmeliet et a157 to examine block of single sodium channels by penticainide.
We performed these experiments in cell-attached patches only. Experiments with inside-out patches with drug applied to the internal membrane surface would appear attractive, but single sodium channel kinetics are not stable in excised patches.29-32 There would have been an advantage in obtaining drug-free measurements in a patch and then applying the drug to the cell or in exchanging drug-free microelectrode solution with drug-containing solution. Such experiments were not practical in terms of the amount of time (15 minutes) required to obtain the initial data set and the time during which stable recording could be obtained from a seal. The emphasis of the comparison in these experiments is the current in the conditioning and test pulses
In the absence of drug, a 500-msec rest period was enough to permit recovery from inactivation developed during the conditioning pulse. With drug-free microelectrodes and prior exposure of the cells to diphenylhydantoin, the averaged current during the test pulse was decreased at a holding potential of -90 mV. The primary mechanism of the decrease was a decrease in the number of channel openings. The mean open time was not significantly decreased. Using a similar protocol, McDonald et a158 concluded that lidocaine blocked the sodium current during the test pulse primarily by decreasing the number of openings. Unlike our results, they also noted a decrease in channel open time in the test pulse. Because of this observation, they suggested that lidocaine-associated channels may conduct with a decreased open time. Their experiments were performed with lidocaine present in both the microelectrode and the bath.
The fact that we observed block in the experiments without diphenylhydantoin in the microelectrode is consistent with block occurring from an intracellular and/or intramembrane site. The fact that we did not observe significant block when drug was present only in the microelectrode may be a concentration-dependent phenomenon. With drug in the microelectrode only, the cell acts as a large sink for drug and dilution of the drug concentration may occur. Resolution of this uncertainty would not be made any easier by patch excision, because the entire bath would then act as a sink for the drug.
The results of the whole-cell voltage-clamp experiments, including those with variations of intracellular and extracellular pH, and the single-channel recordings can best be integrated by observing that diphenylhydantoin is able to cross the cell membrane and bind to some (internal?) site that is not accessible to external protons and that amitriptyline binds to a more superficial site that is accessible to external protons. We and others21 have reported that a model of binding to separate sites predicts enhanced block during exposure to the combination of drugs with fast and slow kinetics.
